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(54) Method and system for determining a physical property as a function of position

(57)  The invention relates to a method and system
for determining a physical property for determining phys-
ical property as a function of position, where a data series
is obtained by FMCW. The data series comprises data
points from one or more channels and the method com-
prises measuring a number of data points corresponding
to Nda different values of frequency of modulation, per-
forming one or more processing step comprising at least
part of said primary data series to obtain at least one
secondary data series comprising N (N> Nda) data points
for the values of frequency of modulation, performing a
transformation of said secondary data series from fre-
quency domain to obtain at least one back scattering
curve in space domain and optionally said back scatter-
ing curve(s) to one or more physical properties as a func-
tion of position.
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Description

[0001] The invention relates to the field of measure-
ment systems, such as optical measurement systems,
e.g. systems for measurement spatial distributed physi-
cal properties by means of a sensor, e.g. an optical sen-
SOr.

[0002] The invention relates specifically to a method
determining a physical property as a function of position
based on the principle of frequency modulated continues
wave (FMCW). In particular for a measurement system

based on optical frequency domain reflectometry
(OFDR).
[0003] Typically a FMCW backscattering measure-

ment system, such as an optical FMCW backscattering
measurement system, comprises an excitation part, an
evaluation part and a longitudinal extended sensor. For
an optical FMCW system said sensor is typically an op-
tical waveguide, typically an optical fiber, whereas for an
electrical FMCW system a typical sensor is an electrical
cable. The excitation part is adapted for exciting a series
of frequency modulated signal in the sensor and the eval-
uation part then receives the response of the sensor to
said signals, thus mapping the response as a function of
frequency, which is referred to as the frequency data or
the data in the frequency domain. Based on said re-
sponse and a transformation from frequency domain to
spatial domain one or more physical parameters of spa-
tial distributed measurement points of the sensor along
its length between the first and second end may be ex-
tracted.

A radar FMCW system may e.g. be used for determining
distance to and velocity of an object. An optical FMCW
backscattering measurement system may be applied to
measure one or more physical parameters (typically tem-
perature and/or strain) along an optical fiber. An electrical
FMCW system may e.g. be used for monitoring the spa-
tial distribution of temperature along an electrical cable,
cf. e.g. EP-1 548 416.

[0004] The presentinvention provides a novel method
and a novel system for determining a physical property
such a temperature as a function of position said method
has shown to be surprisingly effective and provides high
quality determinations. It has thus been found that the
number of necessary data points to be measured com-
pared to prior art determinations of similar quality may
be reduced with little or no performance loss and/or with
little or no performance loss relative to the specifications
normally required by the application for which the FMCW
system is used.

[0005] According to the invention it has thus been
found that determining a physical property with a desired
quality may be obtained using a reduced measurement
and accordingly changes of the determined property may
be registered relatively fast.

[0006] The method of determining a physical property
as a function of position according to the invention com-
prises processing a data series obtained by FMCW. The
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data series comprising data points from one or more
channels, the method comprising

a. measuring a number of data points, corresponding
to Ny, different values of frequency of modulation
{frn.00 Tm. 1> Tm.n-+ » fm.N_da)> thereby obtaining at least
one primary data series from each channel,

b. performing one or more processing step compris-
ing at least part of said primary data series to obtain
atleast one secondary data series comprising N data
points for the values of frequency of modulation {fy,
1, foee i

c. performing a transformation of said secondary da-
ta series from frequency domain to obtain at least
one back scattering curve in space domain,

d. optionally relating said back scattering curve(s) to
one or more physical properties as a function of po-
sition,

wherein N> Ns,.

In this context N may be viewed as the number of meas-
ured data points and fy is the maximum measured data
point that would be applied in a FMCW system when the
present invention is not implemented. As most FMCW
operate in reflection mode the transformed data is re-
ferred to as the backscattering profile as it, within a factor
and/or a magnitude shift, reflect the relation between
back-reflected excitation signal and position along the
sensor. Depending on the system one or more backscat-
tering profiles may be obtainable and one or more of
these may then be related to one or more physical pa-
rameters as a function of position referred to as profiles,
such as a temperature profile.

[0007] A FMCW system often operates by recording
data in one or more channels where signal is separable
between each channel often based on a physical prop-
erty. In one embodiment each channel is fed by a sepa-
rate detector where signal is divided between detectors
based on a physical property such as wavelength for op-
tical FMCW systems. In another embodiment each chan-
nel is measured sequentially with an adjustable filter to
select the desired signal for each member of the se-
quence. In yetanother embodiment separation into chan-
nels may occur as a matter of signal analyses after the
signal has been recorded by one or more detectors. In
one embodiment one or more of the mentioned types of
channels are combined in the system.

[0008] Adatapointcorresponds tothe measured value
of a phase and amplitude for a single frequency meas-
urement, where the term single frequency is to be under-
stood broadly since most excitation sources and modu-
lators will have a non-zero bandwidth. Accordingly, a sin-
gle frequency refers to an interval of frequencies which
is short relative to the interval of the minimum and max-
imum frequencies being measured in a cycle. In one em-
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bodiment the width of said interval is substantially iden-
tical to the measurement bandwidth of the modulation of
the excitation source.

[0009] A coordinate set is the (often complex) values
of one or more channels corresponding to the same fre-
quency of modulation or set of frequencies of modulation.
[0010] A data series is formed by a collections of data
points or coordinate sets e.g. at different frequencies of
modulation. Processing of the data such as to extract
temperature information, often includes relating signals
from two or more channels. The shape of a data series
when plotted, such as amplitude and/or phase, is referred
to as the signature.

The term an ’optical FMCW backscattering measure-
ment system’ is in the present context taken to mean an
optical FMCW measurement system based on the fre-
quency modulation of a light beam (pump light) that is
backscattered from one or more continuously scattering
optical media (typically an optical fibre) or/and from one
or more optical reflectors (Fresnel reflection at the fibre
ends, plugs, lenses, mirrors, etc.). The backscattered
light comprises the same wavelength as the pump light
or/and additionally light at different wavelengths due to
non-linear optical effects. The characteristic of the back-
scattered light is dependent on physical (force, strain,
pressure, temperature, etc.) and/or chemical (moisture,
corrosion, sulphurous, etc.) and/or electromagnetic (flu-
orescence, radiation, etc.) parameters of the continuous-
ly scattering media or/and reflectors.

[0011] Anoptical backscattering systemmay e.g. com-
prise a modulated laser source, a sensor for sensing a
spatially distributed measurement of a physical quantity
(e.g. temperature, force, humidity, etc.) in the form of an
optical waveguide, e.g. an optical fibre, mixing, filtering
and receiving elements (including opto-electronic con-
verters), signal processing and calculation units for trans-
forming and evaluating the backscattered signal(s) and
for determining the spatially distributed profile of the
physical quantity in question.

[0012] The term an ’optical FMCW backscattering
measurement system’ is considered to comprise sys-
tems based on heterodyne measurement technology
(optical or electrical).

[0013] By using optical heterodyne measurement
technology in an optical FMCW backscattering measure-
ment system, the mixing of the pump signal and the back-
scattered signal may take place in the exit optical paths
from a Michelson Interferometer. These kinds of optical
FMCW techniques are also termed 'OFDR techniques’
or ‘coherent FMCW techniques’.

[0014] By using electrical heterodyne measurement
technology in the optical FMCW backscattering meas-
urement system, the mixing of the pump signal and the
backscattered signal take place in the electrical receiver
module. These kinds of electrical FMCW techniques are
also termed ’incoherent OFDR techniques’.

[0015] The terms 'OFDR’ (optical frequency domain
reflectometry) and ’optical FMCW backscattering’ are
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used interchangeably in the present application. In an
embodiment, the frequency modulation of the laser com-
prises a modulation of the intensity of the laser light at
different frequencies. Per measurement cycle the laser
frequency is chirped, either step-wise or continuously,
between a lower frequency and an upper frequency. This
frequency range is commonly adapted to provide the de-
sired spatial resolution of the optical FMCW device. The
number of frequency measurement points is typically
chosen to provide the desired measurement distance
(typically corresponding to the length of the measure-
ment fibre) and the measured frequency spacing is typ-
ically chosen to provide the desired spatial resolution of
the FMCW device.

[0016] One relevant type of optical FMCW system is
a Raman backscattering measurement system adapted
for measuring a spatially distributed temperature profile.
Typically the received sensor signal comprises a Stokes
Raman backscattered signal and in some instances sig-
nal comprises an Anti-Stokes Raman backscattered sig-
nal. One method of determining the temperature profile
is based on the Stokes and Anti-Stokes Raman back-
scattered signals.Alternatively Rayleigh scattering may
be used to evaluate the temperature in conjunction with
the Anti-Stokes signal and one may combine these meth-
ods.

[0017] Inotherrelevant application the extracted phys-
ical parameters of spatially distributed measurement
points of the sensor alongits length are used to determine
parameters, such as moisture, corrosion, sulphurous,
pressure, force, radiation, etc.

[0018] Atypical application of a FMCW system is mon-
itoring, i.e. measuring one or more physical parameters
at spatial distributed measurement points of the sensor
and updating said measurement commonly at regular
time intervals referred to as measurement cycle time or
just cycle time. In the context of the present application
cycle time is to be understood as the time wherein a
measurement system is capable of performing a com-
plete measurement in the sense that it is ready to begin
a new measurement at the end of the cycle. In general,
ameasurement cycle consists of all steps for determining
the profile of the physical parameter(s) or at least the
backscattering profile(s). This will typically comprise
measuring the frequency data, perform any corrections
and/or other data processing/analysis of the frequency
data, calculation of one or more backscattering curves,
calculation of the ratio /relation of backscattering curves,
calculation of the temperature profile. Depending on the
application the maximum allowable cycle time may be
limited for example by standards or regulations.

[0019] An example of such an application is fire detec-
tion where a FMCW system, commonly an OFDR sys-
tem, may be applied to monitor the temperature along
an optical fiber cable laid out in the structure to be mon-
itored e.g. a tunnel or a building.

[0020] Typical performance parameters of measure-
ment are cycle time, resolution of the physical parameter
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(s) and spatial resolution for a dedicated length of optical
sensor fibre. Depending on the desired application dif-
ferent performance parameters are required. One exam-
ple is fire detection where temperature events with a high
dynamic rate must be detected. A suitable compromise
of parameters may provide a short measurement cycle
time, while the temperature resolution and the spatial res-
olution is of less importance. In other applications, such
as temperature monitoring in power cables or oil wells,
the highest possible temperature resolution is desired for
detection of gradual small changes in the temperature
profile.

[0021] In the field of FMCW the inverse Fourier trans-
form (IFFT) is commonly applied as part of the data
processing. Therefore, optimization of the performance
parameters usually considers that the spatial resolution
and the maximum measurable distance of the system
are determined by the choice of parameters chosen for
the IFFT. Measured data is commonly considered to re-
side in the frequency domain, i.e. the data is mapped as
a function of frequency, and an inverse Fourier transform
is applied to transform the measured data from the fre-
quency domain to the spatial domain where data is
mapped as function of position. In practice, said inverse
Fourier transform is commonly performed via an IFFT.
The IFFT routine assumes equally spaced data points
and provides optimum performance with data sets con-
sisting of 2" data points, where nis aninteger. Commonly
one or more steps of data processing is included prior
and/post application of the IFFT, such as averaging,
noise reduction, and windowing. Windowing is commonly
performed to reduce the commonly present smearing
and/or ringing in the spatial domain due to the inverse
Fourier transform of a finite data series. Furthermore, it
is speculated that harmonic distortion may be eliminated
by identification of such distortions in the spatial domain
and eliminating these by afitting algorithm in the frequen-
cy domain at relevant frequencies. Harmonics in the spa-
tial domain are relatively straight forward to determine
and will rarely be real under normal conditions. The iden-
tification would likely require an algorithm with the ability
to separate real events from harmonic "measurement ar-
tifacts". The eliminating fitting algorithm would preferably
be recursive to find the best fitting values.

[0022] While the application of an IFFT is commonly
considered preferable, the transformation from the fre-
quency domain to the space domain may in principle be
performed by any suitable mathematical transformation.
One may, as example, instead interpolate between data
points and perform a continuous or semi-continuous Fou-
rier transform. Furthermore, in principle the transforma-
tion need not be a Fourier or inverse Fourier transforma-
tion as any transformation transforming data to a data
set which may be related to the position may be applied.
In the following the terms Fourier transform, inverse Fou-
rier transform, IFFT, and fast Fourier transform (FFT) will
be applied to describe the transformations applied as
these are common choices in the field. However, these
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terms should be regarded as examples and should be
considered replaceable by any suitable mathematical
transformation and/or any suitable approach to handle
discrete data.

[0023] The data point corresponding to the highest fre-
quency, fy, determines the spatial resolution after trans-
formation by an IFFT, whereas the number of data points,
N, determines the maximum range of the measurement.
[0024] Theinvention may e.g. be useful in applications
such as measurement of spatially distributed physical
parameters, e.g. temperature, humidity, force, in large
installations, e.g. along roads, in tunnels, in tubes or ca-
bles, in industrial equipment, etc.

[0025] Anexample of a prior art FMCW backscattering
system to which the present invention would be relevant
is described in EP-1 548 416.

[0026] Typically, the obtained data series and resulting
backscattering curve, and the optionally obtained relation
of a physical property to position along the sensor, is
comprised in a single measurement cycle in a monitoring
system. Accordingly, in several embodiments the at least
one backscattering profile is determined to update a pre-
viously determined physical property as a function of po-
sition. In one preferred embodiment the same set of fre-
quencies are measured in each cycle, so that the set of
measured frequencies of modulation {f, o, fr 1, fyyn---
fn.N_da} IS substantially identical to the set of measured
freqﬁencies of modulation applied to determine the pre-
viously determined physical property as a function of po-
sition. In another embodiment the set of frequencies is
varied between cycles preferably in a rolling manner so
after a predetermined number of cycles all of the frequen-
cies represented in the secondary data series has been
measured at least once. Accordingly, is may be preferred
that the set of measured frequencies of modulation {fm,O!
15 Tmn- » Tm.N_da} differ from the set of measured fre-
quencies of modulation applied to determine the previ-
ously determined physical property as a function of po-
sition in at least one of the following ways: the number
of measured frequencies of modulation, one or more val-
ues of the measured frequencies of modulation is omit-
ted, and one or more values of the measured frequencies
of modulation is added.

[0027] As the collection of data points may be a signif-
icant part of the cycle time of a system the invention may
provide one or more of several advantages where the
reduction of required cycle time is utilized to extend the
capability of the system design. Examples comprise long-
er range, measuring along multiple fiber cables, noise
reduction by averaging. In another example, the relaxa-
tion of the constraint of the number of data points may
be applied to reduce the requirements to the measure-
ment electronics as more time is available to measure a
single data point.

[0028] Typically a Raman-OFDR system measures in
three channels where a detector collects light from the
anti-stokes line, the stokes-line and the reference lines,
respectively. The reference line commonly having the
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same wavelength as the light source. Other FMCW sys-
tems may apply less or more channels.

[0029] For a Raman-OFDR a coordinate set will com-
monly refer to the values for the anti-stokes line, the
stokes-line and the reference line. However, it may also
be referred to as a data series for each channel. In a
preferred embodiment where the FMCW system com-
prises multiple channels one or more channel is proc-
essed separately according to the invention. In another
embodiment two or more channels are processed in par-
allel. During processing data from the measurement
channels for the Stokes and Anti-Stokes lines may be
related to the phase and magnitude of the reference
channel. For a FMCW system utilizing a single channel
a coordinate set equals a data point.

[0030] To obtain N data points said processing steps
preferably comprises filling in data points with a filling
series {f; o, ft 1, T - N-N_da} COMPprising values of fre-
quency of modulation not included in {fn.00 Tm 1 T s
fm.N_dat- The data points of said secondary data series
is preferable adapted to the chosen method of transfor-
mation. For IFFT or FFT the secondary data series pref-
erably comprise 2N data points data points equidistant
relative to frequency to optimize performance of these
algorithms.

[0031] In a preferred embodiment Ny, is less than or
equal to 90% of N, such as less than or equal to 80%,
such as less than or equal to 80%, such as less than or
equal to 70%, such as less than or equal to 60%, such
as less than or equal to 50%, such as less than or equal
to 40%, such as less than or equal to 30%, such as less
than or equal to 20%, such as less than or equal to 10%.
[0032] The filling series may be said to comprise fill
values orfilling values. In one preferred embodiment said
filling series comprises previously measured data points.
For a monitoring system such previously measured data
points may be provided by previous measurement cy-
cles, such as the previous measurement cycle and/or the
2nd previous measurement cycle and/or one or more old-
er measurement cycles such as a measurements cycle
older than 2 cycles, such as older than 3 cycles, such as
older than 4 cycles, such as older than 5 cycles, such as
older than 6 cycles, such as older than 7 cycles, such as
older than 8 cycles, such as older than 9 cycles, such as
older than 10 cycles, such as older than 20 cycles. How-
ever, previously measured data may also comprise data
obtain as a part of optimization/calibration process. De-
pending on system stability such calibration/optimization
is preferably performed once in the life time of a system,
when performance degradation dictates a recalibration,
atregularintervals and/or when one or more components
ofthe systems is altered such as during and/or after main-
tenance. In one preferred embodiment previously meas-
ured data points comprise and average of previously
measured data point such as a rolling average. The ap-
plication of an averaged value is preferably conditional
so that an average is only used if one or more of the last
measured value fulfils one or more predetermined con-
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straints for example that the value must be within a set
interval around the previously measured value and/or a
average of two or more previously measured values.
[0033] In one preferred embodiment said filling series
comprises data points based on the primary data series
and/or one or more previously measured primary data
points, such as interpolated values, averages and/or the
value of the closest measured data point. Examples of
data points based on the primary data may be interpo-
lated values and average values such as an average
value of two or more high frequency values to estimate
the noise floor useful for providing unmeasured high fre-
quency values. Other examples includes nearest meas-
ured value, an interpolated value based on one or more
surrounding data points. Such an interpolation may be
any suitable interpolation such as a linear interpolation,
spline or the like. Another possibility for determining suit-
able fill values consists of the approximate continuation
ofthe specific signature based on values from the primary
data series such as in a preferred embodiment determin-
ing fill values for higher frequencies based from the meas-
ured lower frequency range. Of course the above dis-
cussed fill values may in one or more embodiment may
be based in a similar manner on data sets from previous
cycles, such as one or more previously measured prima-
ry data series and/or previously determined secondary
data series, such as averaged data set(s).

[0034] Inone embodiment said filling series comprises
predetermined values such as 1, 0, and/or 1+j where j
denotes the imaginary part. The advantages of the ap-
plication of such values may be simplicity, which in turn
may allow faster system performance and/or improved
noise characteristics (see figure 11). Such values may
also be applied as starting values if no previously meas-
ured values are available.

[0035] In one embodiment the data points of primary
data series and filling series are located in one or more
respective non-overlapping intervals and/or in one or
more respective overlapping intervals.

[0036] Non-overlapping intervals of in the filling series
are preferably used for parts of the spectrum, i.e. an array
of frequencies, which is expected to experience few
changes between cycles. It is speculated that this is par-
ticularly the case when the spectrum is influenced signif-
icantly by the noise floor of the measurement system as
this is likely to be independent of the physical property
tobe measured. For FMCW systems a decay of the signal
as afunction of frequency is often observed. Accordingly,
in this case it is speculated that applying a filling series
for high frequency values will at most degrade the result-
ing distribution of the physical property to a small degree.
Itis speculated that for some applications using a suitable
filling series for higher frequencies may improve the noise
characteristics of the system as the filling series may be
less influenced by noise in this region, such as when a
single fill value is used (see figures 10 and 11), when
averaged previously measured is used and/or when pre-
dicted/interpolated values are used. Preferably, filling se-
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ries comprises an interval non-overlapping with the pri-
mary data series said interval having a lower limit of less
than 0.95-fy, such as less than 0.9.fy, such as less than
0.8.fy, such as less than 0.7-fy, such as less than 0.6-fy,
such as less than 0.5 fy, such as less than 0.4-fy, such
as less than 0.3-fy, such as less than 0.2 fy, such as less
than 0.1-fy However, other parts of the spectrum may
also be suitable for filling values. Such as near DC (i.e.
for small frequency values) which primary reflects the
average value of the physical property. Accordingly, in
one embodiment the filling series comprises an interval
non-overlapping with the primary data series said interval
having a higher limit of more than 0.1-fy, such as more
than 0.2-fy, such as more than 0.3-fy, such as more than
0.4-fy, such as more than 0.5-fy, such as more than
0.6-fy, such as more than 0.7-fy, such as more than
0.8-fy, such as more than 0.9-f.

[0037] Overlapping intervals are preferably applied in
frequency intervals where a significant contribution to the
resulting distribution of the physical property is to be
measured. In a preferred embodiment where the filling
series and the primary data series comprises an over-
lapping frequency interval where the data points of the
filling series has an average spacing Af; and the data
points of the primary data series has an average spacing
Af,. Depending on how sensitive a particular frequency
is expected and/or determined to be to changes it may
be preferable to adjust the average spacing Af,, of the
primary data series accordingly. A highly sensitive area
should have a low Af,, providing a high density of meas-
ured data points. In one preferred embodiment where
the signature decays as a function of frequency is pref-
erable to increase Afy,, as a function of frequency, such
as step wise increase.

[0038] In one preferred embodiment the filling series
comprises previously measured data. It is expected that
large changes may produce artefacts when old data and
new data are combined particularly when said change
occurs from one cycle to the next. Such artefacts are
expected to be particularly serious when previously
measured data is applied in a filling series as part of an
overlapping interval. In a preferred embodiment the data
processing comprises a check for large changes in the
signature relative to the part or the filling series compris-
ing previously measured data is so that in such cases
proper precautions may be taken. Preferable such a pre-
caution comprises a re-measurement of the affected fre-
quency interval(s).

[0039] However, for some applications, such as fire
detection, the time constant for change of temperature
may be more than the cycle time and/or the importance
of detecting an accurate value of a change may be less
significant then detecting said change. Accordingly, the
mentioned average spacing of the primary and filling se-
ries in the said interval may be adjusted according to the
application to provide the desired reduction of cycle time
while maintaining sufficient system performance. There-
fore, in a preferred embodiment the filling series and the
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primary data series comprises one or more intervals
where such Af; is equal to or less than Af,,, such as Af;

equal to or less than 3 - Af,, such as equal to or less

Af,,, such as equal to or less than L. Af

1.
than 3 4 s

such as equal to or less than -g- Af,,, such as equal to

1
or less than 73 * Af,,, such as equal to or less than %

Af,,, such as equal to or less than ;i" Af,,, such as equal

to or less than % * Af,,, such as equal to or less than
%- Af,,, such as equal to or less than J—,‘ - Af,,, such as

equal to or less than %' Af,, such as equal to or less

Af

than &+ Afy, such as equal to or less than m

1
i
Further, the filling series and the primary data series may
comprise one or more intervals where Af; is equal to or

more than Af,, such as Af; equal to or more than 2-Af,,,,
such as Af; equal to or more than 3-Af,,,, such as Af; equal
to or more than 4-Af,,, such as Af; equal to or more than
5-Af,,,, such as Af; equal to or more than 6-Af,,, such as
Af; equal to or more than 7-Af,, such as Af; equal to or
more than 8-Af,,,, such as Af; equal to or more than 9-Af,,,,
such as Af; equal to or more than 10-Af,,.

[0040] Inone embodiment the filling series and the pri-
mary data series comprises an overlapping frequency
interval where the number of data points in the filling se-
ries is equal to or more than the number of data points
in the primary data series, such as equal to or more than
2 times the number of data point in the primary data se-
ries, such as equal to or more than 3 times the number
of data point in the primary data series, such as equal to
or more than 4 times the number of data point in the
primary data series, such as equal to or more than 5
times the number of data point in the primary data series,
such as equal to or more than 10 times the number of
data point in the primary data series. However, in the
same or another embodiment the filling series and the
primary data series comprises an overlapping frequency
interval where the number of data points in the primary
series is equal to or more than the number of data points
in the filling series, such as equal to or more than 2 times
the number of data point in the filling data series, such
as equal to or more than 3 times the number of data point
in the filling data series, such as equal to or more than 4
times the number of data point in the filling series, such
as equal to or more than 5 times the number of data point
in the filling series, such as equal to or more than 10
times the number of data point in the filling series.

[0041] As previously discussed with regard to non-
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overlapping intervals the selection which frequency in-
tervals to apply a filling series depend on the expected
data and the application. Similarly for overlapping inter-
vals which are expected to be beneficial for some appli-
cation in intervals where substantial information is
present in the data. However, it may also be advanta-
geous to use overlapping intervals in the same cases
where non-overlapping intervals could be applied. In
such intervals it may improve accuracy while maintaining
good system performance to have a low number of data
points from the primary data series and a high number
of data points from the filling series.

[0042] Accordingly, the choice of where to use over-
lapping intervals depend on the data and application.
Therefore, it is preferred that said overlapping frequency
interval has a beginning frequency f;;, and an end fre-

quency f.,, where f. ., is a fraction of fy, such as 1- fy,

max

% - f-andfy % - . ltalso preferred, eitherin combination

i i 3
oralone, that f., is zero or afraction of fy, suchas - -fy,

1
%'fN, and I'fN'

[0043] As the filling series is specified to comprise fre-
quencies not included in the primary data series the two
series may not overlap at the end points. Accordingly, in
this context the term overlapping should be interpreted
so that a common frequency interval may be found which
do include more data points either in the filling series or
in the primary data series.

[0044] In one preferred embodiment it is preferable
that the primary data series in one or more of the above
discussed overlapping intervals comprises data points
for a set of frequency values which is changed between
two or more measurement cycles, such as a rolling
change where a particular frequency is measured every
2nd cycle or more rarely, such as every 34 cycle or more
rarely, such as every 4th cycle or more rarely, such as
every 5t cycle or more rarely, such as every 6th cycle or
more rarely, such as every 7th cycle or more rarely, such
as every 8! cycle or more rarely, such as every 9th cycle
or more rarely, such as every 10th cycle or more rarely.
[0045] It is speculated that in some cases application
of the invention and particularly the filling series may pro-
vide increased system stability. This is particularly true
when a filling series is applied for higher frequencies
where little optical signal power is available due to the
exponential decay of the amplitude of the data points as
a function of frequency. For these frequencies significant
noise may be introduced with little gain of information
regarding the temperature profile. Accordingly, a low
noise filling series such as an averaged distribution, a
model data and/or a preset constant will provide less
noise while system performance may be maintained.
[0046] The complex received electrical signal is ad-
vantageously represented as discrete measurements
points in digital form, e.g. as aresult of an A/D-conversion
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(analogue to digital conversion), and e.g. stored in an
appropriate data storage medium (e.g. a memory of a
DSP (digital signal processor)). In an embodiment, more
than one set of data for a particular received electrical
signal (e.g. a Stokes signal or an Anti-Stokes signal) cor-
responding to a measurement cycle are stored in mem-
ory. In an embodiment, data from a number of measure-
ment cycles of a particular signal are averaged before
being applied as filling data.

[0047] The presentinvention further deals with an FM-
CW backscattering measurement system, such as an
optical FMCW backscattering measurement system,
comprising a computer readable medium having stored
thereon a computer readable program code for perform-
ing the invention.

The term 'a computer readable medium’ is in the present
context taken to mean any appropriate means for storing
program code including a diskette, a CD-ROM, a flash
memory, a hard disk drive, RAM, etc. In an embodiment,
the computer readable medium is part of or integrated
with a PC, a micro-processor (e.g. a DSP) and/or pro-
grammable logic (such as FPGA).

[0048] The term 'a computer’is in the present context
taken to mean any appropriate processing unit for exe-
cuting program code, including a PC, a micro-processor,
a DSP, etc.

It should be emphasized that the term "comprises/com-
prising" when used in this specification is taken to specify
the presence of stated features, integers, steps or com-
ponents but does not preclude the presence or addition
of one or more other stated features, integers, steps,
components or groups thereof.

[0049] The invention will be illustrated in the following
by means of the presented examples and corresponding
drawings in which:

Figure 1 shows schematic illustrations of an optical
FMCW measurement system comprising an excita-
tion and evaluation unit and an optical sensor;

Figure 2 shows an example of a flowchart of con-
ventional data collection and processing in an FM-
CW system.

Figure 3 shows examples of data in different stages
of data processing according to the flow chart of fig-
ure 2. Figure 3a is a plot of measured data points
(amplitude) versus frequency ranging from 0 Hz to
8MHz.

Figure 3B shows an exemplary backscattering pro-
file and figure 3C show the resulting calculated tem-
perature profile.

Figure 4 shows an illustration of the measured da-
taset where the N data points (0 to N-1 data points
in the frequency domain) each is a complex number
s;designating the phase and amplitude of the meas-
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ured response.

Figure 5a shows a test layout comprising the system
shown in Fig. 1. By this setup the accuracy and the
spatial resolution of the system may be investigated.
Fig. 5b shows an exemplary test result.

Figure 6a is a flowchart of a measurement and data
processing procedure according to the invention ap-
plied to an OFDR system as described in Fig. 1. In
this example the primary data series consists of fre-
quency data from DC to an upper value fgo X(Ny,-
1) and the filling series consists of frequency data
for fgiepXNya 0 fsiepXN.

Figure 7a-d shows plots of temperature profiles for
the setup shown in figure 5a obtained using the pro-
cedure outlined in figure 6 for different values of N,.

Figure 8 is a flowchart of a measurement and data
processing procedure according to the invention ap-
plied to an OFDR system as described in Fig. 1. In
this example the primary data series comprises eve-
ry other data point and the secondary data series
fills in the remaining data points with data measured
in the previous cycle.

Figures 9a and 9b show plots of temperature profiles
of the setup of figure 5 obtained by the procedure of
figure 8.

Figure 10a-c show plots of the amplitude (a) and the
phase (b) of the secondary as well as the resulting
temperature profile (c) for a secondary data series
obtained by the procedure of figure 6 from a setup
as figure 5, with a filling series consisting of 1+j as
a filling value.

Figure 11 a-c show plots of the amplitude (a) and
the phase (b) of the secondary as well as the result-
ing temperature profile (c) for a secondary data se-
ries obtained by the procedure of figure 6 from a
setup as figure 5, with a filling series consisting of
the last measured value as a filling value. The peri-
odic peaks in the temperature profile are caused by
the measurement being spooled on a drum exposed
to slightly different temperature along the periphery.

Figure 12a-c show plots of the amplitude (a) and the
phase (b) of the secondary as well as the resulting
temperature profile (c) for a secondary data series
obtained by the procedure of figure 6 from a setup
as figure 5, with a filling series consisting of previ-
ously measured data.

[0050] The figures are schematic and simplified for
clarity, and they just show details which are essential to
the understanding of the invention, while other details
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are left out.

[0051] Figure 1 shows schematic illustrations of a FM-
CW system, in this example an optical FMCW measure-
ment system, comprising an excitation and evaluation
unit and a sensor.

[0052] In figure 1a the optical FMCW backscattering
measurement system 10 comprising an excitation and
evaluation unit 11 is shown to optically interact (as illus-
trated by arrow 12) with optical sensor 13. In figure 1b
excitation and evaluation unit 11 of the measurement
system 10 is shown to comprise a light source 111, e.g.
a laser such as a semiconductor laser exciting a frequen-
cy modulated light signal 121 into afirst end 134 of optical
sensor 13 (e.g. alength L of optical fibre, such as a silica
fibre), the sensor having a second end 132, remotely
located relative to the light source 111. The light signal
121 from light source 111 may optionally be modified
(e.g. filtered and/or focused) before entering optical sen-
sor 13 (as indicated by the dotted arrow within receiving
unit 112). The optical component(s) (e.g. filters, splitters,
lenses, etc.) responsible for the modification may fully or
partially form part of receiving unit 112 or fully or partially
be located elsewhere (e.g. as one or more separate units
or forming part of sensor 13). Backscattered light signal
122 from optical sensor 13 is shown to be received by
receiving unit 112 and signals 113 are forwarded from
receiving unit 112 to processing and evaluation unit 114.
The (backscattered) received light signal 122 comprises
a data signal based on the frequency modulated light
signal 121 from which physical parameters of spatially
distributed measurement points 131 along the sensor 13
may be extracted. The measurement points 131 are dis-
tributed over a length L of the optical sensor 13.

[0053] Figure 1 c shows an exemplary optical FMCW
backscattering measurement system 10 in the form of
an optical temperature measurement system based on
Raman back scattering. However, as discussed above
the invention is expected to be applicable to any type of
FMCW system.

[0054] The temperature measurement system 10 of
figure 1c comprises an excitation and evaluation unit 11
comprising light source module 111 (comprising frequen-
cy generator 1113, laser 1111, and laser driver 1112),
an optical receiver 112 (comprising filters and photo de-
tectors as indicated by well-known symbols), an electrical
receiver and evaluation unit 114 (comprising trans-im-
pedance converters, mixers 1141, amplifiers, band pass
filters, analogue-digital (A/D) converters and signal
processing units 1142) and a temperature sensor 13 in
the form of an optical fibre (possibly including input/output
coupler components for coupling the light signal 12 in/out
of the optical fibre). Possible sources of heat 135 are
indicated in the sensor. The measurement unit 11 inter-
nally has an additional length of optical fibre used as a
reference for the temperature calculation. This optical
reference fibre is for practical reasons wound on a fibre
spool which is located between the optical module 112
and the sensor 13. An optical switch may e.g. be used
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to measure the optical fibre 13 from both ends (134 and
132) to obtain optical fibre attenuation corrections. An
additional option is to use an optical switch to measure
several optical fibres with the same measurement unit
(excitation and evaluation part 11). The light must be
launched sequentially into the first end 134 of each of
the multitude of sensors. The optical switch may be lo-
cated between the reference spool and the sensor 13.
These optional additional optical components (reference
spool and optical switch) are not shown in FIG 1. The
system of figure 1 further comprises processing unit 115
and user interface 116. Cooperation between the various
functional blocks is indicated by arrows.

[0055] The system comprises in the embodiment
shown in figure 1c three channels, i.e. in addition to the
two measurement channels (Anti-Stokes and Stokes),
an additional reference channel. The output of the laser
is amplitude modulated by a sinus signal whose frequen-
cy (fy in figure 1 c, elsewhere termed f,;,) is swept from a
start frequency to an end frequency within a measure-
ment time interval by means of a HF modulator. The re-
sulting frequency modulated laser light 121 is coupled
viathe optical module 112into afirstend 134 of the optical
waveguide 13. The light (including the Raman light) 122
which is continuously backscattered from every part (cf.
points 131 in figure 1b) along the length of the fibre 13
is spectrally filtered in the optical module and converted
into electrical signals via photo detectors.

[0056] In one embodiment a part of the light from the
light source module 111 is reflected at the second 132
(remote) end of the optical fibre and a part 133 is trans-
mitted. In each finite volume 135 of fibre optical sensor
13 spontaneous Raman scattering appears in all direc-
tions. Only the part of Raman scattering directed back-
wards to the measurement unit 11 is received by the de-
tector. The backscattered signal is furthermore attenuat-
ed by the fiber going from the point of scattering to the
detector. The remote end of fibre 132 is preferably con-
nected to an optical absorber. The received (measure-
ment) signals 113 are amplified and mixed into the low
frequency spectral range (LF range) providing a received
(backscattered) electrical signal as a function of the laser
modulation frequency f,,. The Inverse Fourier transform
of the averaged LF signals result in two Raman back-
scattering curves (Anti-Stokes and Stokes). The back-
scattering curves show the attenuation profile of the in-
tensity of the Raman scattering along the length of the
optical fibre. The fibre temperature along the sensor ca-
ble is a result of the amplitude relationship (ratio) of the
signals of the two measurement channels. Such a system
and its use for measuring a distributed temperature or
humidity or force profile is described in EP-0 692 705 and
is commercially available in the form of a DTS-system
(DTS=distributed temperature sensing) such as a con-
troller OTS 40P from LIOS Technology GmbH, KéIn, Ger-
many.

[0057] Figure 2 is a flowchart of an example of data
collection suitable for the present invention in a FMCW
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system here exemplified by the OFDR system of Fig. 1
adapted to monitoring temperature along the measure-
ment fiber. Any adaptation to other types of FMCW will
be relatively straight forward for a skilled person. The
procedure begins by initializing system parameters such
as the bandwidth of measurement, the maximum fre-
quency and the number of data points and the counter
(steps 21 and 22). The loop 23-26 runs until the counter
reaches N and N samples in the frequency domain has
beenrecorded. Inthe presentexample asample is meas-
ured by frequency modulated laser light 121 at the fre-
quency to be measured and measuring the response in
the three channels discussed regarding Fig. 1. In steps
27 and 28 an IFFT is performed on the measured data
from the Stokes and anti-Stokes channels respectively.
In step 29 a fiber break test is performed. In the event of
a break of a measurement fiber the system should pref-
erably detect this event separately. Suitable fiber break
tests include the determination of a change of calculated
end of fibre in comparison to the previous measured cycle
on the basis of analysing the backscattering profiles. In
case of a change determined the current measurement
is to reject, and a "non-reduced" measurement is to per-
form.

[0058] Based on the inverse Fourier transformed data
a profile of the physical parameter, in this case temper-
ature, may be calculated 201. The method of calculating
a temperature profile based on Stoke and anti-Stokes
scattering is well-known is well published in the art. Then,
depending on the application, the profile may be inspect-
ed to identify different types of events 202. In the case
of fire detection regulations specify in detail what re-
sponse characteristics are required for static and also
dynamic events. Often the EN54-5, Part 1 is applied to
DTS systems for fire detection in Europe. This standard
e.g. specifies the allowed time frame in which an alarm
has to be signalled, while a portion of sensor cable is
linearly heated up in heating channel with different ther-
mal gradients up to 30 Kelvin per minute. In the U.S.A.
often the NFPA72 is applied. Here a comparison to rated
heat-type sprinklers is performed to classify DTS sys-
tem’s response in case of fire. Accordingly, the temper-
ature profile may preferably be checked for several gra-
dients of temperature and maximum criterions at a ded-
icated fibre location or area. Other types of events include
the detection of gradually small events for leakage de-
tection or temperature monitoring for Oil&Gas or power
cable applications even at high temperatures. Typical re-
quired measuring cycles are about 10s or below, while
the time constant of sensor cable is about 60s in depend-
ence on the design. Finally, the obtained data may be
transferred for visualisation.

[0059] Figure 3ashows collected data setin frequency
domain, such as collected by the process shown in Fig.
2. In this example data is collected from 0 Hz to 8.2 kHz
and ranges from -2 to -53dB relative to the dynamic range
of the AD-converter of the system. Generally 0 Hz is not
measurable, so in one embodiment the DC value is ap-
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proximated by a measurement above DC (in order of
kHz) often in combination with a correction factor said
factor determined by a calibration procedure such as de-
scribed in wo2006027369.

[0060] Figure 3b shows the backscattering curve cor-
responding to the data plotted in Fig. 3a. The backscat-
tering curve was obtained by an IFFT of the amplitude
(shown in Fig. 3a) and the phase (not shown). The data
ranges from-100 to 6000 meter and the amplitude ranges
from 0 to about 23.5 dB. The measurement fiber corre-
sponds to the first 4300 meter where any data above this
value is random noise. The data for -100 to 0 meter cor-
responds to the internal additional length of optical fibre
inside the evaluation part 11 used as a reference for tem-
perature calculation.

[0061] Figure 3C shows the temperature correspond-
ing to the backscattering curve shown in Fig. 3b. The
temperature was calculated based on the Stokes and
anti-Stokes scattering as discussed above. The data
shown ranges from 0 to about 4350 fiber positions and
the temperature was measured to range from about 22.3
to about 53 degrees Celsius.

[0062] Figure 4 shows an illustration of the amplitude
of the measured dataset where the N data points (0 to
N-1 fiber positions) each is a complex number s; desig-
nating the phase and amplitude of the measured re-
sponse.

[0063] Figure 5a shows a test setup comprising the
system shown in Fig. 1, here shown as an evaluation unit
11. The measurement fiber 51 comprises an initial sec-
tion of about 4200m fiber followed by pairs of loops of
varying sizes: 10m, 5m, 3m and 1.5m. For each pair one
loop 53 is placed at room temperature and the other 54
is placed in an oven 52 at about 50 degrees. By this setup
the accuracy and the spatial resolution of the system may
be investigated by determining the system’s ability to re-
solve the four loops inside the oven as well as report a
correct temperature of the oven as well as surroundings.
Fig. 5b is a plot of a measured temperature profile from
such a test. Corresponding to the four loops a series of
progressively narrower peaks is seen at fiber positions
of approximately 4220, 4225, 4282 and 4310, respec-
tively. The temperature reading for each peak ranges
from about 47 to 52 degrees.

[0064] Figure 6a is a flowchart of a measurement and
data processing procedure according to the invention ap-
plied to an OFDR system as described in Fig. 1. In this
example the primary data series consists of frequency
data from DC to an upper value fgo,X(Nya-1) and the
filling series consists of frequency data for fge, XNy, to
fstepXN. In step 61 the number of data points in the pri-
mary, Ny,, and secondary data, N, series are preset. In
step 62 the counter variable i is set to zero. In steps 63
and 64 the hardware of the system is configured to meas-
ure the frequency i X fie, Where fyo, is given by the high-
estmeasured frequency, fg, divided by the N. The max-
imum frequency, g, is chosen to provide the desired
spatial resolution, dz, of the system as dz= C/(4-ng- fstop),
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where c is the speed of light and ng is the group velocity
index of silica (the material of the optical fiber) at the
wavelength being measured. In step 65 the response of
the fiber, i.e. the reflected light, is measured. The amount
of data collected for a single frequency is determined by
the bandwidth of measurement. Step 66 includes data
fetch, comprising the access of sample values of the AD-
converters by the digital processing unit, and pre-
processing, such as averaging of samples according to
the measurement bandwidth, application of calibration
factors to the phase and amplitude of each frequency
point and creation of the relation to the phase and / or
amplitude of reference channel. In steps 67 and 68 the
counter variable is increased and it is tested whether an-
other data point should be measured. In step 69 the sec-
ondary data series is generated by filling the primary data
series with the filling series. In step 601 the secondary
data series is processed to determine a temperature pro-
file.

[0065] Figure 7a-d shows plots of temperature profiles
for the setup shown in figure 5a obtained using the pro-
cedure outlined in figure 6 for different values of Ny,. The
profiles have the following settings in common: N=4096,
all profiles the fg;,,=32MHz and the measurement band-
width is 128Hz_The values of the filling series were all
set to 1+j. As reference the temperature profile in figure
7a was measured without applying the invention, so that
N4a=N. The system had a total cycle time of 59.6 sec-
onds. Infigure 7b Ny,=N/2 providing a reduction in meas-
urement time to 32.1 seconds. Comparing the profiles of
figures 7aand 7b show a slight deviation in the magnitude
of the peaks, which is likely to be insignificant in an ap-
plication such as fire detection. In figure 7c Ny,=N/3 pro-
viding a reduction in measurement time to 22.6 seconds.
Comparing the profiles of figures 7a and 7c¢ show a slight
broadening of the peaks and a slightincrease in the noise
between the peaks. This increase in noise is speculated
to be due to sidelopes of a sinc function which may be
said to be convoluted with each peak, said sinc arising
from the Fourier transform of a function having the value
1 for all frequency values in the primary data series and
1+j for all frequency values in the secondary data series.
In figure 7d Ny,=N/4 providing a reduction in measure-
ment time to 18.1 seconds. Comparing the profiles of
figures 7a and 7d show an increase in the noise between
the peaks compared to figures 7b and 7c.

[0066] Infigures 7b-d 1+jwas used afilling value. How-
ever, in principle any value may be used preferably so
as to keep noise at a minimum. Figure 10a-c show plots
of the amplitude (a) and the phase (b) of the secondary
as well as the resulting temperature profile (c) for a sec-
ondary data series obtained by the procedure of figure 6
from a setup as figure 5, with a filling series consisting
of 1+j as afilling value. The resulting temperature profile
shows an increase in noise towards the end of the fiber
and the four peaks due to the loops residing in the oven
(see figure 5). Similarly, Figure 11 a-c show the same
graphs but the amplitude and phase of the last data point
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in the primary data series is used as afilling value instead
of 1+j. Due to the smoother secondary data series less
noise is introduced by the IFFT as seen by comparison
of figure 10c and 11c. Figure 12a-c show the same
graphs but a previously measured data series is used as
the filling series. Compared to figure 11c the noise is
increased in figure 12c probably due to the relatively high
noise in the phase for high frequencies. It is speculated
that using a noise free filling series for high frequencies
which result in a relatively smooth secondary data series
may provide a noise reduction simultaneously. Another
alternative to using a preset filling value in interpolated
could be to use a model to predict the measured values
for high frequencies based on measurement of lower fre-
quencies.

[0067] Figure 8 is a flowchart of a measurement and
data processing procedure according to the invention ap-
plied to an OFDR system as described in Fig. 1. In this
example the primary data series comprises every other
data point and the secondary data series fills in the re-
maining data points with data measured in the previous
cycle. In step 801 the values for the number of data points
in the filling series and the secondary data series are set.
In step 802 the counter variable i and K are initialized,
where k is used to track the cycle so that the position of
the measured data points may alternate between cycles.
Steps 803 to 806 correspond to steps 43 to 46 discussed
regarding figure 4a. In step 807 it is checked which cycle
is currently running. For the first cycle K=0 so that all
values in the secondary data series are measured. For
K values different from zero i=+2 so that every other data
point is measured when the loop comprising step 803 to
810 runs. When the desired amount of data points, Ny,
has been acquired the conditional step 810 directs the
procedure towards step 814 to 816 which sets K so that
conditional steps 811-813 will begin the next cycle at ei-
ther i=0 or i=1, this resulting an alternating measurement
of the primary data series. Step 817 fills the primary data
series with previously measured data for any cycles ex-
cept for the first cycle. Step 818 may be included in cases
where the present example is combined with other em-
bodiments of the invention such as the filling method dis-
cussed with regard to figure 4a. Step 819 may be any
suitable data processing of the data in the frequency
and/or spatial domain, such as IFFT of the secondary
data series, calculation of the profile of the physical pa-
rameter, such as temperature, and any noise reduction
etc. Preferably, the data processing of step 819 compris-
es a fiber break test. In the event of a break of a meas-
urement fiber the reduced length of the fiber may not be
clearly identifiable in the frequency domain and it may
give a false measurement of the physical parameter
when the measurement of reduced length is combined
with the previous full length measurement. The fiber
break testis preferably a reliability test which tests wheth-
er achange in the frequency data and/or the inverse Fou-
rier transformed data is likely to be caused by a change
in the physical parameter and/or whether a change in the
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frequency data is likely to be caused by a fiber break.
Suitable test includes the determination of a change of
calculated end of fibre in comparison to the previous
measured cycle on the basis of analysis of the backscat-
tering profiles. In case a change of length is determined
the current measurement is preferably connected and a
measurement of all data points in the secondary data
series is carried out.

[0068] In the event of a fiber break the system prefer-
ably completes a full measurement where all data points
in the secondary data series are remeasured.

[0069] Figures 9a and 9b show plots of temperature
profiles of the setup of figure 5 obtained by the procedure
of figure 8. For both cases N=4096, f;,,=32MHz, band-
width=128 Hz. Figure 9a is a reference measurement
where all data of the secondary data series has been
measured so that the present invention is not applied,
whereas the procedure of figure 8 has been applied in
figure 9b. Apart from minor deviations in the temperature
values of the individual peaks little difference is apparent
between figure 9a and 9b supporting that the procedure
of figure 8 may be suitable for reduction of cycle time.

Claims

1. A method of processing a data series obtained by
FMCW, the data series comprising data points from
one or more channels, the method comprising

a. measuring a number of data points, corre-
sponding to Ny, different values of frequency of
modulation {f, 9, fm 15 fnn- » T N_gals thereby
obtaining at least one primary data series from
each channel,

b. performing one or more processing step com-
prising at least part of said primary data series
to obtain at least one secondary data series
comprising N data points for the values of fre-
quency of modulation {fy, f;, ... .f}

c. performing a transformation of said secondary
data series from frequency domain to obtain at
least one back scattering curve in space domain,
d. optionally relating said back scattering curve
(s) to one or more physical properties as a func-
tion of position,

wherein N> N,.

2. The method of claim 1, where said processing steps
comprises filling in data points with a filling series
{feos fr1s frn -o-fiN-N_da} COMPprising values of fre-
quency of modulation not included in {f, o, fr, 1,
fm,n'" ’ fm,N_da}'

3. The method of claim 2, where said filling series com-
prises previously measured data points.
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The method of any of claims 2 or 3, where said filling
series comprises previously selected values for one
or more data points such as 1, 0, and/or 1+j.

The method of any of claims 2 or 4, where said filling
series comprises data points based on the primary
data series and/or one or more previously measured
data points, such as interpolated values, averages
and/or the value of the closest measured data point.

The method of any of claims 2 to 5, where the filling
series and the primary data series comprises an
overlapping frequency interval where the data points
of the filling series has an average spacing Af; and
the data points of the primary data series has an
average spacing Af,,, where Af;is substantially equal
to Af,.

The method of any of claims 2 to 6, where the filling
series and the primary data series comprises an
overlapping frequency interval where the data points
of the filling series has an average spacing Af; and
the data points of the primary data series has an
average spacing Af,,,, where Af; is equal to or less

than Af,, such as Af; equal to or less than % Af,,

such as equal to or less than % * Af,,,, such as equal
to or less than % + Af,, such as equal to or less than
JS-- Af,, such as equal to or less than % Af, such

as equal to or less than ;— Af,,, such as equal to or

less than -}‘-- Af,,, such as equal to or less than % .

Af ., such as equal to or less than % - Af,, such as

equal to or less than -%- * Af,,, such as equal to or

less than % Af,,, such as equal to or less than 'é"

Af,,, such as equal to or less than -115 © Af,.

The method of any of claims 2 to 6, where the filling
series and the primary data series comprises an
overlapping frequency interval where the data points
of the filling series has an average spacing Af; and
the data points of the primary data series has an
average spacing Af,,,, where Af; is equal to or more
than Af,,,, such as Af; equal to or more than 2-Af,,,
such as Af; equal to or more than 3-Af,,,, such as Af;
equal to or more than 4-Af,,, such as Af; equal to or
more than 5-Af,,,, such as Af; equal to or more than
6-Af,,,, such as Af; equal to or more than 7-Af,,, such
as Af; equal to or more than 8-Af,, such as Af; equal
to or more than 9-Af,,,, such as Af; equal to or more
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10.

11.

12.

13.

14.

22
than 10-Af,,,.

The method of any of claims 2 to 8, where the filling
series and the primary data series comprises an
overlapping frequency interval where the number of
data points in the filling series is equal to or more
than the number of data points in the primary data
series, such as equal to or more than 2 times the
number of data point in the primary data series, such
as equal to or more than 3 times the number of data
point in the primary data series, such as equal to or
more than 4 times the number of data point in the
primary data series, such as equal to or more than
5 times the number of data point in the primary data
series, such as equal to or more than 10 times the
number of data point in the primary data series.

The method of any of claims 2 to 9, where the filling
series and the primary data series comprises an
overlapping frequency interval where the number of
data points in the primary series is equal to or more
than the number of data points in the filling series,
such as equal to or more than 2 times the number
of data point in the filling data series, such as equal
to or more than 3 times the number of data point in
the filling data series, such as equal to or more than
4 times the number of data point in the filling series,
such as equal to or more than 5 times the number
of data point in the filling series, such as equal to or
more than 10 times the number of data point in the
filling series

The method of claim 6 or 10, where said overlapping
frequency interval has a beginning frequency f,;,

and an end frequencies f, wheref . is a fraction

max- max

of fy, such as 1- fy, % - fo % fy, and %- fy-

The method of any of claims 6 to 11, where said
overlapping frequency interval has a beginning fre-

quency f,i, and an end frequencies f,,,,, where f.;;,

is zero or a fraction of fy, such as % o % fy, and

1
?.fN'

The method of any of claims 1 to 12, where at least
one backscattering profile is determined to update a
previously determined physical property as a func-
tion of position.

The method of claim 13, where the set of measured
frequencies of modulation {f, o, fy, 1, T n--+ s T N_dat
is substantially identical to the set of measured fre-
quencies of modulation applied to determine the pre-
viously determined physical property as a function
of position.
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The method of claim 14, where the set of measured
frequencies of modulation {f., o, fry 1, f.n-+ » fm N_dat
differ from the set of measured frequencies of mod-
ulation applied to determine the previously deter-
mined physical property as a function of position in
at least one of the following ways: the number of
measured frequencies of modulation, one or more
values of the measured frequencies of modulation
is omitted, and one or more values of the measured
frequencies of modulation is added.

An FMCW system comprising at least one excitation
source and an evaluation unit said evaluation com-
prising one or more signal processing units wherein
one or more of said signal processing units compris-
es code for performing any of the methods of claims
1to 15.

An FMCW backscattering measurement system,
such as an optical FMCW backscattering measure-
ment system, comprising a computer readable me-
dium having stored thereon a computer readable
program code for performing any of the methods of
claims 1 to 15.

A computer program product comprising computer
readable program code for performing any of the
methods of claims 1 to 15.
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